1. Double-reciprocal plots of the reaction velocity of yeast, rat liver and Escherichia coli ATP-L-methionine S-adenosyltransferases (EC 2.5.1.6) as a function of the L-methionine concentrations (under saturating ATP conditions) demonstrate downward deflexions from linearity for the yeast and E. coli adenosyltransferases and an upward deflexion for the rat liver enzyme. 2. The activities of partially purified preparations of rat liver ATP-Lmethionine S-adenosyltransferase are enhanced by low concentrations of non-substrate analogues of L-methionine [e.g. 1-aminocyclopentanecarboxylic acid (cycloleucine) and L-2-amino-4-hexynoic acid], or by inorganic tripolyphosphate, an ATP analogue. When the concentrations of these analogues were raised further, the activity decreased. Doublereciprocal plots became linear in the presence of these modifier analogues. The inhibitions are common to all the L-methionine adenosyltransferases examined, but the activation(s) were only found with rat and mouse liver enzymes and not with enzymes obtained from several other tissues of these or other species. 3. The rate of formation of S-adenosyl-Lmethionine bears a sigmoidal relation to the L-methionine concentrations when ATP is saturating. The-activating effects of the L-methionine analogues and of tripolyphosphate are observed at low L-methionine concentrations, and become obliterated as the L-methionine concentration is raised. These findings are analysed in terms of various regulatory enzyme models.
1. Double-reciprocal plots of the reaction velocity of yeast, rat liver and Escherichia coli ATP-L-methionine S-adenosyltransferases (EC 2.5.1.6) as a function of the L-methionine concentrations (under saturating ATP conditions) demonstrate downward deflexions from linearity for the yeast and E. coli adenosyltransferases and an upward deflexion for the rat liver enzyme. 2. The activities of partially purified preparations of rat liver ATP-Lmethionine S-adenosyltransferase are enhanced by low concentrations of non-substrate analogues of L-methionine [e.g. 1-aminocyclopentanecarboxylic acid (cycloleucine) and L-2-amino-4-hexynoic acid], or by inorganic tripolyphosphate, an ATP analogue. When the concentrations of these analogues were raised further, the activity decreased. Doublereciprocal plots became linear in the presence of these modifier analogues. The inhibitions are common to all the L-methionine adenosyltransferases examined, but the activation(s) were only found with rat and mouse liver enzymes and not with enzymes obtained from several other tissues of these or other species. 3. The rate of formation of S-adenosyl-Lmethionine bears a sigmoidal relation to the L-methionine concentrations when ATP is saturating. The-activating effects of the L-methionine analogues and of tripolyphosphate are observed at low L-methionine concentrations, and become obliterated as the L-methionine concentration is raised. These findings are analysed in terms of various regulatory enzyme models.
The enzymic formation of (-)-S-adenosyl-Lmethionine by nucleophilic transfer of the adenosyl moiety of ATP to the sulphur atom of L-methionine was discovered by Cantoni (1952 Cantoni ( , 1953 and has since been studied extensively (Cantoni & Durell, 1957; Mudd & Cantoni, 1958; Mudd, 1963; Mudd & Mann, 1963; Greene, 1969; Chou & Talalay, 1972) . With partially purified preparations of rabbit liver (Cantoni & Durell, 1957) and yeast (Mudd & Cantoni, 1958) adenosyltransferase (ATP-L-methionine adenosyltransferase, EC 2.5.1.6), the following stoicheiometry has been established: L-Methionine + ATP K+, Mg2+ > (-)-S-adenosyl-L-methionine + PP1 + Pi
The mechanism involves a complete dephosphorylation of ATP, with the formation of enzyme-bound tripolyphosphate, which is then asymmetrically hydrolysed to pyrophosphate and Pi. Mudd (1962) has further shown that the yeast enzyme possesses tripolyphosphatase activity that is specifically and profoundly enhanced by low concentrations of Sadenosyl-L-methionine.
The metabolic importance of S-adenosyl-Lmethionine, a high-energy sulphonium compound, is threefold: first, as a methyl donor involved in more than 40 enzymic transmethylation reactions (Mudd & Cantoni, 1964; Lombardini & Talalay, 1971a) ; secondly, as a propylamine donor for the formation of spermidine and spermine (Tabor et al., 1958; Janne et al., 1971; Cohen, 1971) ; thirdly, as a regulator or effector of certain enzymic reactions (Lombardini & Talalay, 1971a) , most notably its own synthesis (Chou & Talalay, 1972) .
The kinetics of the yeast adenosyltransferase reaction have been reinvestigated by Chou & Talalay (1972) with a highly purified enzyme preparation. A rapid and extremely sensitive assay technique, which separates S-adenosyl-L-[Me-14C]methionine from L-[Me-1"C]methionine by differential adsorption on cellulose phosphate discs rather than ion-exchange columns, has been developed (Chou & Lombardini, 1972) . For the yeast enzyme, double-reciprocal plots of the initial reaction velocity as a function of Lmethionine concentration display considerable deviations from Michaelis-Menten kinetics and are characterized by downward infiexions (Chou & Talalay, 1972; Lombardini et al., 1970) , which have been attributed to activation of the rate-limiting step of the enzymic reaction by low concentrations of S-adenosyl-L-methionine (Chou & Talalay, 1972) . Preliminary kinetic studies on partially purified adenosyltransferases from rat liver and Escherichia coli also demonstrated deviations from Michaelis-Menten kinetics (Lombardini et al., 1970) , but the character of these deviations is not the same in all systems.
Our efforts have been directed to the rational design of inhibitors of S-adenosyltransferases as potential chemotherapeutic agents. To this end, we investigated numerous steric, electronic and conformational analogues of L-methionine (Lombardini et al., 1970) and ATP (T.-C. Chou & P. Talalay, unpublished work). In the course of these studies, we observed that low concentrations of such inhibitors as 1-aminocyclopentanecarboxylic acid (cycloleucine) or L-2-amino-4-hexynoic acid activated (10-20 %), rather than inhibited, the rat liver enzyme. This phenomenon was a unique property of rat liver adenosyltransferase and was not observed with enzymes from two microbial sources (Lombardini & Talalay, 1971a) . Efforts to magnify and to analyse this unusual biphasic (activation and inhibition) action of Lmethionine analogues on the rat liver adenosyltransferase, led to the observation that low concentrations of tripolyphosphate exerted similar biphasic stimulatory and inhibitory effects.
A detailed study of the enzymes from other rat tissues (kidney, testis, spleen, brain, heart, intestine, skeletal muscle, blood and Walker 256 tumour) and from chicken tissues (liver, kidney, brain and spleen) has shown that the activation phenomenon is a peculiar characteristic of the rat and mouse liver enzymes rather than a general property of rodent and avian tissue adenosyltransferases. (Coulter & Talalay, 1968; A. W. Coulter & J. Salt, unpublished work) and the cis and trans isomers of DL-2-amino-4-hexenoic acid (Skinner et al., 1961) 
Experimental

Preparation of A TP-L-methionine S-adenosyltransferases
The yeast adenosyltransferase was purified from baker's yeast by the procedure of Stekol (1963) as modified by Chou & Talalay (1972) . The E. coli adenosyltransferase was purified by the method of Tabor & Tabor (1972) and the rat liver adenosyltransferase was purified from female Sprague-Dawley rats by the procedures previously described (Cantoni & Durell, 1957; Lombardini et al., 1970; Pan & Tarver, 1967) . The specific activities of the preparations of yeast, E coli and rat liver adenosyltransferases were 4.7-30, 2.5-4.2 and 2.4-6.7,umol of S-adenosyl-Lmethionine synthesized/30min per mg of protein at 37°C respectively, under the assay conditions of reaction system A, with 10mM-L-methionine (see Table 1 ). All enzyme specific activities and protein concentrations were determined under the conditions of Lombardini et al. (1970) . The purified rat liver enzyme contained significant pyrophosphatase activity but no detectable adenosine triphosphatase activity.
The following procedures were carried out near 4°C. Rat tissues other than liver (for the experiments described in Fig. 4 and Table 2 . Concentrations of cycloleucine and L-2-amino-4-hexynoic acid required for 50 % inhibition of adenosyltransferases from various sources The rat liver, yeast and E. coli enzymes were partially purified preparations assayed under the conditions described in the Experimental section (and in Fig. 3 ). The enzyme preparations for measurements on rat spleen, kidney and Walker 256 tumour were carried out as specified in the Experimental section and Fig. 4 For the preparation of the adenosyltransferases from rat tissues described in Table 5 , the tissues were homogenized in 2.5vol. of 50mM-Tris-HCI buffer, pH 7.6, containing 5mM-2-mercaptoethanol, and centrifuged at 15OOOg for 15min. The supematant fluid was used as the source of the enzyme.
Chicken tissues were homogenized in 2.5vol. of 50mM-potassium phosphate buffer, pH7.0, containing 5mM-2-mercaptoethanol and 20% (v/v) (Chou & Lombardini, 1972 Table 1 ). The incubation times are specified in the individual protocols, and were selected so that product formation was linear with time. The reaction was terminated by removal of a sample (501l), which was spotted on to paper discs, processed and counted as described by Chou & Lombardini (1972) . Calculation of the inhibitory potency of the Lmethionine analogues was based on the method of Dixon (1953) , since the regulatory properties of the enzyme precluded the accurate determination of the Km for L-methionine and, consequently, K1 values could not be calculated. The initial reaction velocities were measured at a relatively low fixed concentration of L-methionine and a series of inhibitor concentrations. The I5o values (the concentration of inhibitor giving 50% of control activity) were determined graphically by plotting the reciprocal velocity against inhibitor concentration (Lombardini et al., 1970) .
Tripolyphosphatase activity was measured by determining the production of Pi from tripolyphosphate. The incubations were conducted for 15 min at 37°C in a final volume of 100,ul containing the following: sodium tripolyphosphate (2mM), Tris-histidine (pH9.0, 90mM), KCI (100mM), MgCl2 (15mM), 2-mercaptoethanol (5mM) and appropriate quantities of enzyme. The reaction was terminated and phosphate determined by a modification of the procedure of Baginski et al. (1967) . The following reagents were added in rapid succession directly to the reaction vessels: (a) 10% (w/v) trichloroacetic acid (300,ul) containing 2% (w/v) ascorbic acid and 0.1 % EDTA; (b) water (200,ud) ; (c) 2% (w/v) ammonium molybdate (150,ul); (d) 2% (w/v) sodium arsenite and 4% (w/v) sodium citrate contained in 10% trichloroacetic acid (300,ul). The reaction vessels were thoroughly agitated on a Vortex Junior mixer after the addition of each reagent. After 20min, which allows maximum development of the blue phosphomolybdate complex, the absorbance of the solution was determined at 860nm and compared with a standard curve.
Tumour maintenance
The Walker 256 tumour was maintained in male Sprague-Dawley rats by intramuscular transplant as described by Talalay et al. (1952 Chou & Talalay (1972) and it is assumed that their interpretations may also be relevant for the E. coli enzyme.
In view of the peculiarity of the rat liver enzyme, efforts were made to study whether its mechanism was in fact similar to that of the rabbit liver, E. coli and yeast enzymes. Mudd (1962) Concn. of effector (mM) Fig. 2 . Fractional activity ofthe hydrolytic cleavage of tripolyphosphate by partially purified rat liver adenosyltransferase as a function of the logarithm of the concentrations of three effectors, S-adenosyl-Lmethionine (-), cycloleucine (A) and L-2-amino-4-hexynoic acid (A) The components of the reaction mixture are described in the Experimental section. The reaction was initiated with 4.7,ug of rat liver adenosyltransferase (tripolyphosphatase) and the incubations were conducted at 37°C for 15min. The enzymic reaction was terminated by trichloroacetic acid precipitation of the protein and then the entire incubation mixture was analysed for phosphate by the procedure of Baginski et al. (1967) . Since the enzyme preparation is contaminated with pyrophosphatase activity, the stoicheiometry of the tripolyphosphatase reaction could not be unequivocally determined.
transferase also possess tripolyphosphatase activity, which is stimulated by S-adenosyl-L-methionine. This has been confirmed and carefully examined by Greene (1969) and by Chou & Talalay (1972) . The regulatory importance of S-adenosyl-L-methionine, which stimulates both its own synthesis and the tripolyphosphatase activities of the enzyme, has been studied in detail for the yeast adenosyltransferase (Chou & Talalay, 1972) . Purified preparations of rat liver adenosyltransferase also possess tripolyphosphatase activity, which is markedly stimulated by S-adenosyl-L-methionine (Fig. 2) .
Two analogues of L-methionine (cycloleucine and L-2-amino-4-hexynoic acid) inhibit the synthesis of S-adenosyl-L-methionine by the yeast and E. coli enzymes. These analogues display biphasic concentration-dependent activation-inhibition effects on the synthesis of S-adenosyl-L-methionine by the rat liver enzyme (Lombardini et al., 1970) . However, a wide range of concentrations of these compounds was without effect on the tripolyphosphatase activity of the rat liver enzyme (Fig. 2) . Vol. 135
Effects of L-methionine analogues on isofunctional adenosyltransferases
Effects of a wide range ofconcentrations of the two analogues of L-methionine, cycloleucine and L-2-amino-4-hexynoic acid, on partially purified preparations of adenosyltransferases obtained from yeast, E. coli and rat liver were examined in reaction mixtures A and B at a L-methionine concentration of 37.5,tM (Fig. 3) . Low concentrations of the analogues activated the liver enzyme slightly but invariably (up to 20%) in reaction mixture A and by 50-70% in reaction mixture B. In confirmation of earlier findings from this laboratory (Lombardini et al., 1970) , higher concentrations of the analogues inhibited the same enzyme in both systems.
In contrast, no activations of the microbial enzymes were observed at any concentration of the analogues in either reaction mixture. The activational effects did not depend on enzyme purity, since they are demonstrable in centrifuged crude rat liver homogenates. Similar activations were observed with centrifuged homogenates of the livers of CF-I mice (T.-C. Chou, unpublished work) .
With the use of reaction mixture A or B, adenosyltransferase preparations from other normal or malignant rat tissues, including spleen, kidney and the Walker 256 tumour, failed to display any activation over a wide range of concentrations of cycloleucine or L-2-amino-4-hexynoic acid (Fig. 4) , and inhibition was invariably observed at sufficiently high concentrations.
The concentrations of analogues required to achieve 50% inhibition of the reaction (Table 2) were significantly lower (two-to three-fold) in reaction mixture B (pH9.0 and low ionic strength) than in reaction mixture A (pH 7.6 and high ionic strength) (Figs. 3 and 4 and Table 2 ). This observation applies to the microbial enzymes and all mammalian tissue preparations except the liver, where larger activations occurring in reaction mixture B probably obscure this phenomenon.
The remarkable specificity ofthe activational effects of the L-methionine analogues on the adenosyltransferases of rat and mouse liver, and the absence of this property in other mammalian and microbial enzymes, raised questions with respect to the evolutionary importance of this phenomenon. We consequently examined the effects ofa wide range ofconcentrations (0.05-20.0mM) of cycloleucine or L-2-amino-4-hexynoic acid on centrifuged crude homogenates of a variety of chicken tissues in reaction mixtures A and B, at a L-methionine concentration of 37.5 ElM. At no concentration was any activation observed and the enzymes of all chicken tissues were inhibited if sufficiently high concentrations of analogues were attained (Table 3) . It may be noted that the chicken tissues (other than liver) appear to be slightly less The fractional velocity is plotted as a function of the logarithm of the inhibitor concentration. The amounts of enzyme protein used to initiate the reaction and the incubation times at 37°C were as follows (specific activities expressed as ,umol of S-adenosyl-L-methionine/30min per mg of protein): rat liver (specific activity 6.7), 1.7,ug of protein, 6min incubation; yeast (specific activity 4.7), 1 .2 tg of protein, 10min incubation; E. coli (specific activity 4.2), 1 .5,ug of protein, 30min incubation. The compositions of reaction mixtures A (a, c) and B (b, d) are described in Table 1 . The L-methionine concentration was 37.5zM.
sensitive to the inhibitors than are the corresponding rat tissues (Table 2 ). The I50 values for cycloleucine and L-2-amino-4-hexynoic acid for chicken liver are lower than for rat liver, presumably because of the activational effects observed in the latter tissue.
The availability of a large number of L-methionine analogues of varying inhibitory potency for adenosyltransferases permitted an examination of the amino acid specificity of the activation of the rat liver enzyme. Six additional compounds were selected for this comparison: the cis and trans isomers of DL-2-amino-4-hexenoic acid, as well as S-carbamoyl-Lcysteine, O-acetyl-L-serine, D-norleucine and Lnorvaline. The two last-named compounds are such weak inhibitors that the I5o values could not be measured, whereas the cis isomer of the ethylenic amino acid is a far weaker inhibitor than the trans isomer (Lombardini et al., 1970) . Table 4 shows an interesting relation between the concentrations of the analogue required for maximum activation (Amax.) of the liver enzyme and that necessary for 50 % inhibition (Iso). The I50IAmax. ratios vary between 3 and 10, and it is consequently not unexpected that the Iso values for D-norleucine and L-norvaline are too high 1973 Table 1 . The L-methionine concentration was 37.5MM. to be measured directly because of limitations of solubility. The ability of these compounds to activate the liver enzyme was thus directly related to their inhibitory potency.
Influence of L-methionine concentration on activating and inhibiting effects of L-methionine analogues A more detailed examination of the stimulatory effects of cycloleucine and L-2-amino-4-hexynoic acid on the rat liver enzyme revealed that at saturating Vol. 135 ATP concentrations this phenomenon was highly sensitive to L-methionine concentrations. When the L-methionine concentration was varied over a wide range, the initial velocity of the reaction was found to depend in a sigmoidal fashion on the L-methionine concentration, and the double-reciprocal plots of 1/v against 1/s curved upwards (Fig. 5 ), as has been described for many regulatory enzymes (Stadtman, 1966) . Linearity of product formation with time and enzyme concentration is observed under these experimental conditions. The addition of methionine Table 4 . Concentrations of various amino acids requiredfor maximum activation (Ama,) and 50 % inhibition (IQ5) ofpurified rat liver adenosyltransferase in reaction mixture B The rat liver enzyme, a partially purified preparation with a specific activity of 6.2,umol of S-adenosyl-L-methionine formed/30min per mg of protein, was assayed under the conditions described in the Experimental section.
Incubations were conducted for 6min at 37°C with a L-methionine concentration of 37.5/tM. The reaction was initiated by addition of 1.7,tg of enzyme protein. analogues tends to obliterate this sigmoidal relationship (Fig. 6) . Thus low concentrations of the analogues (results for L-2-amino-4-hexynoic acid are entirely similar but are not shown) activate whereas higher concentrations inhibit the reaction. The double-reciprocal plots (Fig. 6) show that the system displays typical Michaelis-Menten behaviour in the presence of the modifier. Thus for a given concentration of the modifier, if the concentration of the methionine analogue is varied, either activation or inhibition of the overall reaction may be observed, depending on the prevailing concentration of Lmethionine in the reaction system. The Hill plots (Hill, 1913; Atkinson et al., 1965) of the same experimental results gave values for the Hill coefficient (n) of 1.2 in the absence of the cycloleucine and 1.0 in its presence (Fig. 9) . It has been pointed out that the magnitudes of the Hill coefficients are a function of the number of binding sites and the strength of the co-operative interactions between them, so that no simple interpretation of these values is possible (Atkinson, 1966 Concn. of methionine (tM) Fig. 5 . Depentdenzce of reactiont velocity of rat liver ATP-L-methionine S-adenosyltranisferase onl L-methionine concenitrations The assay system, reaction mixture B, is described in the Experimental section and contained 7.8,tg of enzyme protein with a specific activity of 3.8,umol of S-adenosyl-L-methionine/30min per mg of protein. The ATP concentration was saturating (10mM). Reaction vessels were incubated at 370C for 5min with shaking. Double-reciprocal plots of the same results are shown in the inset. Only the range of 7-175 ,tM-L-methionine is shown, to emphasize the sigmoidal portion of the relationship. Concentrations up to 2mM-L-methionine gave typical saturation kinetics. The velocities are expressed as total nmol of S-adenosyl-L-methionine formed in the reaction systems.
petitive with ATP (Greene, 1969; Chou & Talalay, 1972) . It was of interest that the inhibitory effect of quite low concentrations of tripolyphosphate could be demonstrated in a variety of crude centrifuged homogenates of mammalian tissues (Table 5) . However, low concentrations of tripolyphosphate markedly stimulated the activity of partially purified and crude rat liver adenosyltransferase (Amax. 0.20mM). In this case, also, the I50/Amax. ratio is near 5.0. The contrasting response of the rat liver and yeast enzymes to tripolyphosphate is clearly displayed in Fig. 7 .
The stimulatory effect of tripolyphosphate on adenosyltransferase activity in crude centrifuged homogenates of various rat tissues appears to be confined to the liver enzyme. with the following tissues in order of decreasing activity: kidney, testis, spleen, brain, heart, small intestine, skeletal muscle, whole blood and serum. Chicken liver is also not stimulated by tripolyphosphate.
The activating effect of tripolyphosphate is, like that of the methionine analogues, strongly dependent on L-methionine concentration (Fig. 8) . The sigmoidal curve observed at low L-methionine concentrations was obliterated by low concentrations of tripolyphosphate. In contrast, at higher L-methionine concentrations, sufficient concentrations of tripolyphosphate were invariably inhibitory. The Hill (Hill, 1913; Atkinson et al., 1965) plots (Fig. 9) of the same experimental values gave n = 1.3 for the Hill coefficient in the absence of tripolyphosphate and n = 0.8-0.9 in the presence of this modifier. Combined effects of methionine analogues and of tripolyphosphate The effects of the simultaneous presence of tripolyphosphate and of cycloleucine are shown in Table 6 . These experiments were carried out at lower concentrations of L-methionine (25,Mm) than those used above (Figs. 6 and 8) , to enhance the activational effects. The magnitude of the activational effects may be quantitated by the use of the fractional activity (or velocity) concept, designated vf, which is defined as the ratio of the velocity in the presence of a modifier to that in the absence of that modifier. The maximal activational effect exerted by tripolyphosphate under these conditions is larger (vf = 3.5) and occurs at lower concentrations (Amax = 0.2mM) than that of cycloleucine (vf = 2.5 at Amax. = 1.0mM). The findings in Table 6 may be more clearly understood by comparing the observed fractional velocities with those expected if both compounds exerted their effects independently of one another. If we assume that tripolyphosphate does not interfere with the modifying effect of cycloleucine (and vice versa), then the product of the fractional activities observed in the presence of fixed concentrations of tripolyphosphate alone, and cycloleucine alone, should give the expected fractional velocity that pertains in the combined presence of the two modifiers at the same concentrations.
When the ratio of observed to calculated fractional velocity is 1.0, the assumption of non-interference of action is confirmed. This situation (ratio = 0.9-1.0) is observed in the upper left corner of Table 6 , where the concentrations of both tripolyphosphate and cycloleucine are low, suggesting a summation (or non-interference) of the activational effects of the two compounds. As the concentrations of both tripolyphosphate and cycloleucine are gradually Table 6 ). In addition, it may be observed that the ratio of observed to expected fractional velocities approaches a minimum (<0.3) when the concentrations of both tripolyphosphate (0.2mM) and cycloleucine (1-2mM) exert their maximal activational effects if present alone. Further increases in either the tripolyphosphate or the cycloleucine concentration, or both, invert this ratio to the higher values (e.g. >0.4). The tendency for the ratio to go through a minimum and then to rise again toward the lower right corner of Table 6 suggests that the inhibitions exerted by high concentrations of the compounds may be additive. These findings argue for interference (or antagonism) between the activational effects of tripolyphosphate and those of cycloleucine. This interference is maximal at concentrations where Vol. 135 each compound alone exerts its maximal activational effect.
Combined effects of tripolyphosphate and p-hydroxymercuribenzoate
The results reported in Table 7 suggest that tripolyphosphate at either activating or inhibitory concentrations potentiates the inhibition by p-hydroxymercuribenzoate. An equally plausible explanation of the results is that the activational effect of tripolyphosphate is inverted to inhibition in the presence of p-hydroxymercuribenzoate. Caution should be exercised in these interpretations since the fractional velocity does not in any way permit conclusions relative to mechanisms, sites of effects, or prove causal relationships. However, the findings do indicate mutual interference between the effects of the two modifiers. Similar observations on the destruction of co-operative effects have been reported for a number of regulatory enzymes (Stadtman, 1966; Atkinson, 1966) .
Discussion
The purified adenosine triphosphate-L-methionine S-adenosyltransferase of rat liver displays tripolyphosphatase activity, which is profoundly stimulated by low concentrations of S-adenosyl-L-methionine (Fig. 2) and thus resembles the yeast enzyme (Mudd, 1962) . The interpretation advanced for these observations is that tripolyphosphate is an obligatory intermediate that is far more tightly bound than its products, and their release permits the enzyme to recycle (Mudd, 1965) .
Earlier work from this laboratory (Chou & Talalay, 1972) disclosed that the reaction velocity of yeast adenosyltransferase was time-dependent in the very early stages and that this lag could be markedly lengthened by adding tripolyphosphate or shortened by S-adenosyl-L-methionine. Chou & Talalay (1972) demonstrated a direct stimulation by S-adenosyl-Lmethionine of its own synthesis. The deviations of the kinetics of yeast adenosyltransferase from firstorder Michaelis-Menten theory were ascribed to time-dependent formation of S-adenosyl-L-methionine and time-dependent activation of the inherent tripolyphosphatase activity by S-adenosyl-L-methionine. We repeated the reaction-velocity measurements for the yeast adenosyltransferase and extended them to lower L-methionine concentrations (5-5O0M) than those used previously (Chou & Talalay, 1972) . A downward deflexion of double-reciprocal plots was once again noted but no suggestion of any sigmoidal relationship could be detected.
The discovery that the rat liver adenosyltransferase is activated by low concentration of non-substrate L-methionine analogues (Lombardini & Talalay, Incubations were carried out in the standard 100,ul assay system (reaction mixture B), and measurements were performed with cellulose phosphate paper discs under the conditions described in the Experimental section. The rat liver enzyme was a partially purified preparation with a specific activity at saturating L-methionine concentration of 5.9,mol of S-adenosyl-L-methionine synthesized/30min per mg of protein. In this experiment the amount ofenzyme protein used to initiate the reaction was 1.2kg and the L-methionine concentration was 25 uM. The time of incubation was 5min, in which 0.083 nmol of S-adenosyl-L-methionine was synthesized in the control vessels and designated as 1.0. All other values are expressed in terms offractional velocities (vf) . The values in parentheses
give the ratio of the observed value of the fractional velocity to the expected value, on the assumption that there is no interference between the effects of the two modifiers. For instance, at 0. Lombardini et al., 1970) and of tripolyphosphate (present paper) led to a more careful examination of the kinetics of the rat liver enzyme. The results of these studies show clearly that the initial reaction velocity bears a sigmoidal relationship to the concentrations of L-methionine (Figs. 5, 6 and 8). Such sigmoidal saturation curves are the hallmark of regulatory enzymes; the precise molecular explanation must await complete purification of the adenosyltransferase enzyme and studies of its molecular structure. Rat liver adenosyltransferase displays kinetic characteristics that in some ways resemble those of a number of previously described regulatory enzymes. The behaviour of the NAD+-linked isocitrate dehydrogenase of Neurospora crassa (Sanwal et al., 1965) In contrast with this, cycloleucine and L-2-amino-4-hexynoic acid, which are both activators (at low concentrations) and potent competitive inhibitors (at high concentrations) of the rat liver adenosyltransferase, are probably bound to the catalytic site, although two classes of sites, such as regulatory (activator) and catalytic (inhibitor), cannot be excluded.
The peculiar activating and inhibitory effects of cycloleucine and L-2-amino-4-hexynoic acid are dependent on L-methionine concentration, and in almost every aspect resemble the effects of succinate and malate on aspartate transcarbamoylase of E. coli Table 7 . Combined effects ofvarious concentrations oftripolyphosphate andp-hydroxymercuribenzoate on purified rat liver adenosyltransferase Incubations were carried out in the standard I00,ul assay system with reaction mixture B (except that 2-mercaptoethanol was omitted), and measurements were carried out as described in the Experimental section. The rat liver enzyme was a partially purified preparation with a specific activity at saturating L-methionine concentrations of 2.4,umol of S-adenosyl-L-methionine synthesized/30min per mg of protein. In this experiment the amount of enzyme protein used to initiate the reaction was 5,ug per vessel and the L-methionine concentration was 39,iM.
The time ofincubation was 5 min at 37°C, which resulted in the synthesis of0.049 nmol ofS-adenosyl-L-methionine in the control vessel (designated as 1.0). The results are expressed as fractional velocities. The values in parentheses give the ratio ofthe observed fractional velocity to the value expected if there were no interference between the two modifiers. See Table 6 The activating and inhibitory effects of tripolyphosphate which also depend on the concentration of L-methionine could be rationalized on a similar singlebinding-site model for tripolyphosphate since this compound is an obligatory enzyme-bound intermediate for the yeast enzyme and, presumably, also for the liver enzyme. As the L-methionine concentration is raised (at saturating concentrations of ATP), the tripolyphosphate-binding site becomes progressively more fully occupied by endogenous tripolyphosphate and the external tripolyphosphate becomes inhibitory, whereas at low L-methionine and tripolyphosphate concentrations the co-operative effects between the externally added and endogenously formed tripolyphosphate stimulate the enzymic reaction.
The simplest view is that the modifier and catalytic site(s) of the liver adenosyltransferase may in fact be identical. This minimal model receives some support from three observations: (a) the substrate and modifiers are structural analogues; (b) the activational and the inhibitory effects of cycloleucine and of L-2-amino-4-hexynoic acid are competitively overcome by saturating concentrations of L-methionine; (c) only those amino acid analogues that inhibit the adenosyltransferase reaction display activational effects at low concentrations and there is a direct correlation between the potency order for activation and inhibition. 
